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ABSTRACT 

One of t h e  s t u d i e s  c u r r e n t l y  be ing  conducted fo r  
l o w  cost e a r t h  t o  o r b i t  and r e t u r n  t r a n s p o r t a t i o n  is t h e  
Lockheed Missile and Space Divis ion "Space S h u t t l e "  concept ,  
which w a s  previou.sly designated " S t a r c l i p p e r " .  This  i s  a 
1 1/2 stage system c o n s i s t i n g  of t w o  major components, a 
r e u s a b l e  s p a c e c r a f t  and a drop tank con ta in ing  t h e  boos t  
p r o p e l l a n t .  The drop tank uses both  p r e s s u r e  s t a b i l i z e d  and 
s t a t i c a l l y  s t a b l e  s t r u c t u r e .  
as r i n g  s t ab i l i zed  monocoque s t r u c t u r e  wi thou t  l o n g i t u d i n a l  
s t i f f e n i n g ,  whereas t h e  nose cone, i n t e r t a n k  s t r u c t u r e  and 
t h r u s t  s t r u c t u r e  use i n t e g r a l l y  s t i f f e n e d  s t r u c t u r e .  

The p r o p e l l a n t  tanks  are designed 

The drop t ank ,  being expendable,  imposes one of t h e  
major r e c u r r i n g  cost i t e m s  t o  the overal l  ope ra t ion  of t h e  
system and is p r e s e n t l y  quoted by Lockheed t o  c o s t  $34  p e r  
pound a t  the 200th product ion u n i t . '  Lockheed has a r r i v e d  a t  
t h i s  cost by use of a i r c r a f t  des ign  techniques  along w i t h  pro- 
d u c t i o n  f a b r i c a t i o n  methods. T h i s  has  l e d  t o  t h e  use of tank  
s k i n  i n  t h e  as r o l l e d  cond i t ion ,  d e l e t i o n  of machining and 
chem-milling t o  provide lands f o r  fus ion  welding, maximum use 
of r e s i s t a n c e  welding for tank  j o i n t s ,  and use of automatic  
f a b r i c a t i o n  techniques.  

The r e s i s t a n c e  weld technique  w a s  s e l e c t e d  as t h e  
primary method of f a b r i c a t i o n .  This  method i s  used both fo r  
j o i n i n g  and p r e s s u r e  s e a l i n g  of  t h e  p r o p e l l a n t  tanks.  A l s o ,  
a more advanced method of f a b r i c a t i o n  known as t h e  "Glue Weld" 
p rocess  i s  be ing  s t u d i e d .  T h i s  p rocess  employs t h e  use  of an 
aluminum f i l l e d  epoxy and t h e  r e s i s t a n c e  weld technique.  "Glue 
Welding" w a s  i n i t i a t e d  by t h e  Russians and has  been used by them 
f o r  f a b r i c a t i o n  of m i s s i l e  and a i r c r a f t  s t r u c t u r e s .  
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MEMORANDUM FOR FILE 

The writer v i s i t e d  t he  Lockheed Missile and Space 
Div i s ion ,  Sunnyvale, Cal i forn ia  on February 13,  1969 f o r  t h e  
purpose of d i s c u s s i n g  t h e i r  des ign  approach and f a b r i c a t i o n  
methods used f o r  t h e  drop tanks of  t h e i r  s t a g e  and one-half 
launch system. P a r t i c i p a t i n g  Lockheed personnel  w e r e  G.  
Alexander, J. Milton, P. Planck, F. Guard, W. Crane, M. Vaughan, 
R. H a m m i t t ,  K. Urbach, and  F. Su l l ivan .  

I n t r o d u c t i o n  

Lockheed i s  c u r r e n t l y  engaged i n  t h e  s tudy  of a l o w  
c o s t  e a r t h  t o  o r b i t  and r e t u r n  t r a n s p o r t a t i o n  concept  they  
c a l l  t h e  "Space S h u t t l e "  ( f i g u r e  1). I t  w a s  p rev ious ly  design-  
na ted  t h e  "Star Clipper ."  T h i s  i s  a 1 1 / 2  s t a g e  i n t e g r a l  launch 
system c o n s i s t i n g  of  t w o  major elements,  a r e u s a b l e  s p a c e c r a f t  
i n c o r p o r a t i n g  t h e  boos t  engines ,  some p r o p e l l a n t  tankage and 
o t h e r  system equipment and an expendable drop  tank  con ta in ing  
most of t h e  boost  p rope l l an t s .  

Discussion i n  t h i s  memo w i l l  c o n c e n t r a t e  on t h e  drop  
t a n k  which i s  one of  t h e  major r e c u r r i n g  costs i t e m s  i n  t h e  
o v e r a l l  o p e r a t i o n  of  t h e  system. Lockheed i s  p r e s e n t l y  quot ing  
a cost of $34 p e r  pound a t  t h e  200th product ion  u n i t .  There has 
been no f i r m  hardware d a t a  o the r  t han  s m a l l  tes t  specimens 
upon which t o  s u b s t a n t i a t e  t h i s  cost. 

For purposes of c o s t  op t imiza t ion ,  t h e  drop  tank  com- 
ponent weight w a s  considered as a des ign  v a r i a b l e  pe rmi t t i ng  a 
t r a d e o f f  i n  weight i n c r e a s e  to  achieve  decreased c o s t s .  

I n  t h e  f o l l o w i n g  paragraphs some of Lockheeds' proposed 
des ign  and f a b r i c a t i o n  methods are d i scussed .  

[NASA-CB-103979)  DISCUSSION OF DESIGN A N D  
FABRICATION TECHNIQUES FOR 1 AND 112 STAGE 
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Design and F a b r i c a t i o n  Se lec t ion  

The p r o p e l l a n t  tank  des ign  i s  d i c t a t e d  by a combina t ion  
of i n t e r n a l  p r e s s u r e  cons ide ra t ions  and e x t e r n a l  loads .  The 
tank i n t e r n a l  des ign  p r e s s u r e  w a s  s u f f i c i e n t l y  h igh  t o  allow a 
monocoque s t r u c t u r e  throughout t h e  tanks  except  a t  concent ra ted  
load  p o i n t s  such as i n  t h e  a rea  of t h e  a f t  t h r u s t  s t r u c t u r e .  
Therefore, the p r o p e l l a n t  tank c o n s t r u c t i o n  could be p r i m a r i l y  
r i n g  s t a b i l i z e d  monocoque type wi thout  l o n g i t u d i n a l  s t i f f e n i n g .  
For t h e  nose cone, t h e  i n t e r t a n k  s t r u c t u r e ,  and t h e  a f t  t h r u s t  
s t r u c t u r e  p a r t  o f  t h e  LH2 tank,  i n t e g r a l l y  s t i f f e n e d  s t r u c t u r e  
w a s  used. 

I n  gene ra l ,  t h e  drop tank  des ign  f e a t u r e s  

cons ide rab le  use  of material  i n  t h e  as r o l l e d  
cond i t ion ,  

a minimal number of components f o r  t h e  l a r g e  
c y l i n d r i c a l  s e c t i o n s ,  

commonality of p a r t s  and forming d i e s  f o r  t h e  
dome s e c t i o n s ,  

minimal use of fus ion  welding (maximum use of 
resistance welding) , 

cons ide rab le  use of uniform gauge components, 

almost complete e l imina t ion  of machining and chem- 
m i l l i n g  excep t  f o r  s m a l l  i n t e g r a l l y  s t i f f e n e d  
s e c t i o n s ,  

use of l o w  c o s t  m a t e r i a l ,  

maximum use  of p r a c t i c a l  f a b r i c a t i o n  methods, and 

use of automatic  f a b r i c a t i o n  and i n s p e c t i o n  
techniques.  

Conf i au ra t ion  

The drop tank ( f i g u r e  2) c o n s i s t s  of f i v e  (5)  primary 
assemblies comprising a nose s e c t i o n ,  a Lox t ank  which i s  made 
up of t w o  mirror r e f l e c t e d  s e c t i o n s  s p l i c e d  a long  t h e  c e n t e r l i n e ,  
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and t w o  LH2 t anks  each joined t o  an i n t e r s t a g e  s t r u c t u r e  t h a t  
i s  p a r t  of t h e  lox tank.  When assembled, t h e  drop tank  forms 
an i n v e r t e d  "V" w i t h i n  which is suppor ted  t h e  r eusab le  space- 
craf t .  

The s t r u c t u r e  breakdown i n t o  t h e s e  f i v e  s e c t i o n s  
(figure 3)  w a s  made f o r  t h e  purpose of handl ing  and t ranspor-  
t a t i o n  from t h e  manufacturing f a c i l i t y  t o  t h e  assembly and 
launch s i te .  
by t h e  Super Guppy A i r c r a f t .  R a i l  t r a n s p o r t  of t h e  drop tank 
w a s  a lso a major cons ide ra t ion  i n  t h e  s t r u c t u r e  breakdown. 

The components were r e q u i r e d  t o  be t r a n s p o r t a b l e  

Material 

The primary material used i n  t h e  drop tank  i s  2219-T87 
aluminum. Th i s  m a t e r i a l  has e x c e l l e n t  forming q u a l i t i e s  a long  
w i t h  good w e l d a b i l i t y  and is economically compet i t ive  wi th  other  
p o s s i b l e  materials. 
materials which have been used  or  are p r e s e n t l y  be ing  s t u d i e d  
as cand ida te  materials f o r  cryogenic  tankage. As shown i n  Table 
1, each w a s  examined f o r  forming, machining, and welding charac- 
teristics as w e l l  as t h e  c o s t  p e r  pound. Lockheed's s e l e c t i o n  
of t h e  2219 aluminum i s  c o n s i s t e n t  w i t h  t h e i r  approach t o  l o w  
cost tankage. 

T a b l e  1 p r e s e n t s  a comprehensive mat r ix  of  

F a b r i c a t i o n  Techniques 

Along wi th  t h e  monocoque des ign ,  t h e  s e l e c t e d  fabrica- 
t i o n  method which b e s t  s u i t e d  t h i s  des ign  w a s  t h e  r e s i s t a n c e  
weld technique  both  for j o i n t  s p l i c e s  as w e l l  as for  p r e s s u r e  
s e a l i n g  of  t h e  tankage. As an a l t e r n a t e  tank  f a b r i c a t i o n  method 
Lockheed i s  e x t e n s i v e l y  s tudying  t h e  use  of a p rocess  which 
Lockheed cal ls  "Glue Weld". This  p rocess ,  which i s  r e l a t i v e l y  
new, employs t h e  use  of an aluminum f i l l e d  epoxy and spot-welding. 

The r e s i s t a n c e  weld approach provided one of t h e  major 
impacts on tank  cost us ing  t h e  monocoque des ign  where s k i n  pane l  
gauges vary only  as d i c t a t e d  by t h e  s t r u c t u r a l  des ign  r equ i r e -  
ments. A l s o ,  t h e  s e l e c t i o n  of  t h i s  f a b r i c a t i o n  method provided 
t h e  b a s i c  t o o l i n g  f o r  tankage s i z e  c o n t r o l  s i n c e  t h e  i n s i d e  su r -  
f a c e  of t h e  r o l l  formed sk ins  are j o i n e d  t o  p r e c i s e  diameter  
controlled r ing  members- Here, t h e ' i n c r e a s e  or  decrease  of t he  
s k i n  gauges r e q u i r e d  i n  d i f f e r e n t  s e c t i o n s  of t h e  tank  would 
have no effect on t o o l i n g  s i n c e  i t s  growth would always be  out-  
ward. 
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One of t h e  b a s i c  outgrowths of t h e  r e s i s t a n c e  weld 
method w a s  a cons ide rab le  reduct ion of bo th  machining and 
chem-milling. This  r e s u l t e d  from be ing  a b l e  t o  use t h e  s k i n  
pane l s  i n  t h e  r e q u i r e d  gauge. I f  t h e  fus ion  weld method had 
been s e l e c t e d  the gauge would be dependent on t h e  weld j o i n t  
and r e p a i r  a l lowable  stresses. 
t ance  weld i s  shown i n  f i g u r e  4 and f o r  t h e  g lue  weld i n  f i g u r e  
5. 

A t y p i c a l  j o i n t  f o r  t h e  resis- 

I n  t h e  a l t e r n a t e  process ,  "g lue  welding",  j o i n t i n g  i s  
accomplished through a p p l i c a t i o n  of a high s t r e n g t h  adhesive 
t o  t h e  j o i n t  i n t e r f a c e  and spotwelding through t h e  lapped metal 
j o i n t .  The adhesive i n  t h e  precured cond i t ion  i s  then  cured 
a t  250°F f o r  one hour. 
type  of bonded j o i n t  i s  produced by t h e  spotwelding procedure.  

The pressure  gene ra l ly  used wi th  t h i s  

The adhesive i s  procured from t h e  Minnesota Mining Co.  
(3M) and i s  des igna ted  as 3M-2214 epoxy. The adhesive i s  a 
m a t r i x  of h igh  s t r e n g t h  epoxy w i t h  an aluminum f i l ler .  The 
J o i n t s  and S p l i c e s  Group a t  Wright F i e l d ,  having been appr i sed  
of the  method by t h e  Foreign Technology Branch a t  t h e  same 
l o c a t i o n ,  referred t h i s  process t o  Lockheed. T h i s  p rocess  w a s  
o r i g i n a t e d  by t h e  Russians and has been app l i ed  i n  t h e i r  m i s s i l e  
and a i rc raf t  programs. 

For anyone who has  n o t  been p rev ious ly  a s s o c i a t e d  w i t h  
t h e  r e s i s t a n c e  weld method of j o i n i n g  s t r u c t u r e ,  t h e  p l a c i n g  of 
any contaminant between t h e  su r faces  t o  be jo ined  w a s  considered 
d e t r i m e n t a l  t o  the des ign  e f f i c i e n c y  of t h e  j o i n t .  I n  o t h e r  
words, it w a s  j u s t  n o t  done. Therefore  t h e  g lue  w e l d  method 
appears  t o  be a s t e p  forward i n  t h e  s ta te  of t h e  a r t  of  j o in ing .  
Lockheed i n d i c a t e d  t h a t  t h e  adhesive w a s  n o t  compatible wi th  
lox ,  b u t  showed no adverse effects when used w i t h  LH2.  

T e s t  Program 

The use of r e s i s t a n c e  welding i s  n o t  a new f a b r i c a t i o n  
method b u t  has had l i m i t e d  a p p l i c a t i o n  t o  space program hardware. 
The one program us ing  t h i s  technique of f a b r i c a t i o n  i s  t h e  A t l a s .  
S t r u c t u r a l  a s p e c t s  of t h i s  method are w e l l  t e s t e d  and documented. 

The g l u e  weld technique on t h e  o t h e r  hand is new t o  t h e  
family of  f a b r i c a t i o n  methods and w i l l  r e q u i r e  ex tens ive  t e s t i n g .  
Lockheed has  been and is p resen t ly  conducting a t e s t  program of 
t h i s  process  which i n c l u d e s  

b a s i c  t e n s i l e  coupon t e s t i n g ,  
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pi l low specimen t e s t i n g ,  

f a b r i c a t i n g  a 20 inch diameter subscale 
tes t  ar t ic le ,  and 

f a b r i c a t i n g  a 13 f o o t  diameter tank. 

Tens i le  Specimen t e s t i n g  has been performed by t h e  
Manufacturing Research Group a t  Lockheed t o  assess t h e  s t ruc -  
t u r a l  p r o p e r t i e s  of this method. 
on two j o i n t  conf igura t ions ,  both using glue weld t h e  d i f f e r e n c e  
being t h e  amount of overlap.  One set  of specimens i s  overlapped 
by one inch while  t h e  o ther  was overlapped only a half- inch.  
These tests showed exce l l en t  r e s u l t s .  For each type of j o i n t ,  
25 specimens w e r e  t e s t e d .  A d i spe r s ion  of 4 1/2% w a s  noted i n  
the f a i l u r e  da ta .  
occurred i n  t h e  pa ren t  mater ia l .  

Tes t ing  t o  d a t e  has been made 

The f a i l u r e s  i n  both methods of t e s t i n g  

Two pi l low tes t  specimens w e r e  f ab r i ca t ed .  One uses 
t h e  r e s i s t a n c e  weld method and t h e  o the r  uses t h e  glue weld. 
shown i n  f i g u r e  6 t h e  f a i l u r e  of both occurred e x t e r n a l  t o  t h e  
j o i n i n g  area. 

As 

A subsca le  tank ( f i g u r e  7 )  20 inches i n  diameter and 
approximately 3 feet long was f ab r i ca t ed  using t h e  glue w e l d  
method. I n i t i a l l y  t h i s  specimen was t o  be c losed  by hemispherical  
heads a t  both ends b u t  t o  f a c i l i t i t a t e  f a b r i c a t i o n ,  a f l a t  membrane 
c losed  i n  one end. The t e s t e d  tank f a i l e d  along t h e  f l a t  membrane 
j o i n t  whereas the res t  of t h e  tank showed no i r r e g u l a r i t i e s  o r  
evidence of f a i l u r e .  

Lockheed p l a n s  on cons t ruc t ing  a f u l l  s c a l e  tes t  specimen 
13 f e e t  i n  diameter using t h e  glue weld method of j o in ing  and 
s e a l i n g .  

cost - 
Lockheed p red ic t s  a c o s t  of $34 per  pound a t  t h e  200th 

product ion u n i t  ( f i g u r e  8 ) .  They have noted t h a t  t h e  production 
ra te  is t h e  c r i t i ca l  f ac to r .  Considering t h i s  l o w  c o s t ,  one 
would then ask j u s t  what may be  t h e  c o s t  of t he  f i r s t  production 
u n i t .  The predic ted  c o s t  of t h e  f i r s t  u n i t  along with a compari- 
son of o t h e r  systems i s  shown i n  f i g u r e  9 and i s  est imated t o  be 
$125 per  pound. These f igu res  a r e  only estimates w i t h  l i t t l e  
a c t u a l  experience t o  s u b s t a n t i a t e  them. Hopefully, t h e  l a r g e  
scale tes t  tank w i l l  generate some worthwhile da t a .  
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For anyone 's  examination t h e  w r i t e r  h a s  i n  h i s  
posses s ion  a sample of t h e  Lockheed LI-15 heat  s h i e l d  material .  
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G 
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Stock 

~. 

"Stock" 
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- .  

** 
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- 

G 

F = E'air, but no real. 
problems 
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